Post-translational covalent attachment of ubiquitin and ubiquitin-like proteins (ubls) has emerged as a predominant cellular regulatory mechanism, with important roles in controlling cell division, signal transduction, embryonic development, endocytic trafficking and the immune response. Ubls function by remodeling the surface of their target proteins, changing their target's half-life, enzymatic activity, protein-protein interactions, subcellular localization or other properties. At least 10 different ubiquitin-like modifications exist in mammals, and attachment of different ubls to a target leads to different biological consequences. Ubl-conjugation cascades are initiated by activating enzymes, which also coordinate the ubls with their downstream pathways. A number of biochemical and structural studies have provided insights into the mechanism of ubl-activating enzymes and their roles in ubl conjugation cascades.
Introduction
Ubiquitin and its relatives are small proteins that are covalently attached to other proteins and macromolecules via their C-termini. Post-translational modification by ubiquitin and ubiquitin-like proteins (ubls) has emerged as a predominant cellular regulatory mechanism (reviewed in Hochstrasser, 2000b; Pickart, 2001) , with important roles in cell division, the immune response, development, endocytic trafficking, biosynthetic pathways, cancer and many other biological processes (for examples and reviews, see Scheffner et al., 1990; Glotzer et al., 1991; Rock et al., 1994; Pagano et al., 1995; Aberle et al., 1997; Honda et al., 1997; Kishino et al., 1997; Matsuura et al., 1997; Salceda and Caro, 1997; Ghosh et al., 1998; Hicke, 1999 Hicke, , 2001a Joazeiro et al., 1999; Kamura et al., 1999; Koepp et al., 1999; Lorick et al., 1999; Sidow et al., 1999; York et al., 1999; Yewdell and Bennink, 2001; Kwon et al., 2002) . Modification by ubls rapidly and reversibly changes the function of the target. The different ubl modifications can affect different properties of the target (Hoege et al., 2002) , including the protein's half-life, enzymatic activity, subcellular localization and protein-protein interactions (reviewed in Hochstrasser, 1996 Hochstrasser, , 2000a Jentsch and Pyrowolakis, 2000; Yeh et al., 2000; Pickart, 2001 ). The best understood consequence of these modifications is ubiquitinmediated proteolysis, in which polymeric chains containing four or more ubiquitins, isopeptide-linked between Lys48 on the surface of one ubiquitin and the C-terminus of the next in the chain, direct proteins for degradation by the proteasome (reviewed in Rechsteiner, 1998) . Many other types of ubiquitin modification also play fundamental cellular regulatory roles. For example, multiubiquitin chains with linkages via Lys63, rather than Lys48, activate the IkB kinase (Deng et al., 2000) , and monoubiquitylation plays a role in processes ranging from endocytosis to transcriptional activation (reviewed in Hicke, 2001b) . Other ubls that structurally resemble ubiquitin and are conjugated to macromolecules in vivo are being discovered at a rapid rate (reviewed in Hochstrasser, 1998 Hochstrasser, , 2000a Jentsch and Pyrowolakis, 2000; Melchior, 2000; Yeh et al., 2000; Hay, 2001; Muller et al., 2001; Ohsumi, 2001; Schwartz and Hochstrasser, 2003) . For example, the ubl NEDD8 (Rub1p in Saccharomyces cerevisiae) activates SCF ubiquitin ligases and is involved in cell cycle control, signaling and embryogenesis (Lammer et al., 1998; Liakopoulos et al., 1998; Pozo et al., 1998; Jones and Candido, 2000; Tateishi et al., 2001; Kurz et al., 2002) . ISG15 is involved in the antiviral interferon response (Haas et al., 1987; Loeb and Haas, 1992; Narasimhan et al., 1996; Nicholl et al., 2000; Yuan and Krug, 2001; MacQuillan et al., 2003) . Apg8p (also called Aut7p and Cvt5p) modifies the lipid phosphatidylethanolamine to modulate membrane dynamics (Mizushima et al., 1998a; Ichimura et al., 2000) . Hub1p modifies cell polarity factors and plays a role in cell polarization (Dittmar et al., 2002) . SUMO family members, including Smt3p in S. cerevisiae, modify a number of different proteins involved in cell division, nuclear transport, the stress response and signal transduction (reviewed in Hay, 2001; Johnson and Gupta, 2001; Muller et al., 2001; Takahashi et al., 2001; Tatham et al., 2001; Pichler et al., 2002; Schmidt and Muller, 2002) . There are many other ubls, including FAT10, Urm1p and Apg12p whose important biological functions are just beginning to be discovered Furukawa et al., 2000; Raasi et al., 2001) .
The best understood conjugation pathway is that for ubiquitin. Following proteolytic cleavage at the Cterminus to end with the sequence Gly-Gly (reviewed in Hochstrasser, 1996; Wilkinson, 1997; Wilkinson and Hochstrasser, 1998) , ubiquitin is conjugated to its targets via an enzymatic cascasde that involves three activities, carried out by proteins or protein complexes in classes known as E1, E2 and E3 (Figure 1 ) (Hershko et al., 1983 ; also reviewed recently in Hershko and Ciechanover, 1998; Hershko et al., 2000; Pickart, 2001; Weissman, 2001) . For ubiquitin there is one E1, tens of E2s, and hundreds of E3s. The E1, or ubiquitinactivating enzyme, activates ubiquitin by C-terminal adenylation, and subsequently forms a highly reactive thioester bond between its catalytic cysteine and ubiquitin's C-terminus. The E1 also associates with the next enzyme in the cascade, the E2 ubiquitin conjugating enzyme, and promotes ubiquitin transfer to the E2's catalytic cysteine (Pickart and Rose, 1985; also reviewed in Hochstrasser, 1998 also reviewed in Hochstrasser, , 2000b Pickart, 2001) . Genetic studies in S. cerevisiae indicate that E2s have evolved to orchestrate modification of proteins in a common pathway. For example, the ubiquitin E2s Rad6p and Cdc34p are involved in the DNA damage response and the G1-S transition of the cell cycle, respectively (Jentsch et al., 1987; Goebl et al., 1988) . This functional specificity of E2s probably results from the ability of a particular E2 to associate with the appropriate E3s, which are also called ubiquitin protein ligases (Hershko et al., 1983) . The E3 binds selectively to both the E2 and to the target. Substrates for modification are selected by a vast repertoire of E3s. Database searches suggest that there are over 100 E3s that fall into two classes, RING (really interesting new gene) and HECT (homologous to E6AP C-terminus), with RING being the major class (Scheffner et al., 1993; Huibregtse et al., 1995; Joazeiro et al., 1999; Venter et al., 2001) . E3s have at least two domains. One is a protein-protein interaction domain, such as SH2, WW, WD40, PTB or other protein binding domain that recruits substrate (reviewed in Freemont, 2000; Jackson et al., 2000; Joazeiro and Weissman, 2000; Pawson and Nash, 2000; Tyers and Jorgensen, 2000; Pickart, 2001; Weissman, 2001; VanDemark and Hill, 2002; Yaffe, 2002; Pawson and Nash, 2003) . The other domain, RING or HECT, recruits the E2 (Kumar et al., 1997; Huang et al., 1999; Joazeiro and Weissman, 2000; Zheng et al., 2000) . RING domains contain two zinc ions coordinated by cysteines and histidines in a cross-brace structure (Bellon et al., 1997) . Recently, variations of the RING motif have also been found in E3s. One of these is the U-box, in which the cysteines and histidines found in the RING motif are replaced with charged and polar residues that form saltbridges and hydrogen bonds to stabilize a similar structure, but without coordinating zinc (Aravind and Koonin, 2000; Hatakeyama et al., 2001; Meacham et al., 2001; Pringa et al., 2001; Ohi et al., 2003) . Like RING E3s and their variants, HECT E3s also have two domains, with a protein-protein interaction domain recruiting the substrate and the HECT domain recruiting the E2. However, there are significant mechanistic differences between RING and HECT E3s. No catalytic residues have been found in RING E3s. Instead, it is thought that the E3 functions as a scaffold to bring together the target with the catalytic E2. Unlike the RING E3s, the HECT E3s are catalytic. The E2 transfers ubiquitin to the HECT active site cysteine, which itself transfers ubiquitin to the substrate (Huibregtse et al., 1995) .
Other ubls are conjugated to their targets by enzymes that are relatives of the E1, E2 and E3 proteins found in the ubiquitin pathway, with the greatest sequence homology among the E1s and the E2s for different ubls. The most well characterized ubl conjugation cascades are for SUMO and NEDD8. One E1, one E2 and several E3s have been found for the SUMO pathway Schwarz et al., 1998; Desterro et al., 1999; Johnson and Gupta, 2001; Kahyo et al., 2001; Sachdev et al., 2001; Takahashi et al., 2001; Pichler et al., 2002; Schmidt and Muller, 2002; Kagey et al., 2003) . The PIAS-family of SUMO E3s contain a motif known as the SPRING finger, whose sequence resembles the RING finger found in ubiquitin E3s. The NEDD8 pathway also involves one dedicated E1 and one E2 (Lammer et al., 1998; Liakopoulos et al., 1998; Osaka et al., 1998; Pozo et al., 1998; . Interestingly, the target for the NEDD8 pathway is part of a ubiquitin RING-class E3, which also appears to serve also as an E3 for the NEDD8 pathway, except in this case promoting automodification, rather than transfer to a different target (Lammer et al., 1998; Osaka et al., 1998; del Pozo and Estelle, 1999; Freed et al., 1999; Liakopoulos et al., 1999; Wada et al., 1999a, b; Read et al., 2000) .
The conjugation machinery for the autophagy pathway is the only known example in which one E1 activates two different ubls (Mizushima et al., 1998a, b; Shintani et al., 1999; Tanida et al., 1999; Ichimura et al., 2000; Tanida et al., 2001) . The ubls Apg12p and Apg8p have the same activating enzyme, Apg7p (also called Cvt2p). Both Apg12p and Apg8p are transferred from Apg7p to the catalytic cysteine in downstream conjugation components, Apg10p and Apg3p (also called Aut1p), respectively, which are thought to be functional homologs of E2s, despite an absence of sequence homology (reviewed in Ohsumi, 2001 ). The only other ubls for which any component of the conjugation machinery has been identified are Urm1p Figure 1 Ubiquitin (Ub) conjugation cascade. E1 -ubiquitinactivating enzyme. E2 -ubiquitin-conjugating enzyme. E3 -ubiquitin protein ligase. Distinct, parallel conjugation cascades exist for other ubls Ubiquitin-like protein activation DT Huang et al and ISG15, whose activating enzymes have been identified (Furukawa et al., 2000; Yuan and Krug, 2001) . Interestingly, Ube1L, the E1 for ISG15 is a candidate tumor suppressor for small-cell lung carcinoma (Kok et al., 1993; Pitterle et al., 1998; McLaughlin et al., 2000) . While other ubls are currently orphans, it is likely that their conjugation machineries will be identified in the near future, either based on sequence similarities, or via biochemical purifications.
There have been many excellent recent reviews on ubls, their conjugation machineries and their functions. This review serves to focus on recent structural and biochemical studies of the early steps of ubl conjugation cascades carried out by E1s and their relatives.
Biochemical mechanism of E1s, and their role in selecting a ubl and coordinating it with the cognate conjugation pathway Ubls have their own dedicated E1s (Hatfield et al., 1990; Zacksenhaus and Sheinin, 1990; McGrath et al., 1991; Lammer et al., 1998; Liakopoulos et al., 1998; Mizushima et al., 1998a; Osaka et al., 1998; Pozo et al., 1998; Desterro et al., 1999; Okuma et al., 1999; Yuan and Krug, 2001) , which are essential for all further conjugation Finley et al., 1984; McGrath et al., 1991; Swanson and Hochstrasser, 2000) . E1s play at least three critical functions in initiating ubl conjugation cascades. First, the E1 selects the correct ubl for the pathway, associating noncovalently with the ubl. Second, the E1 activates the ubl Cterminus, allowing for further chemistry. Third, the E1 coordinates the ubl with the correct pathway, by transferring the ubl to its cognate E2. The enzymology of the E1 for ubiquitin has been studied extensively. Ubiquitin's E1 carries out these three functions through four enzymatic steps (Figure 2) (Ciechanover et al., , 1982 Hershko et al., 1981; Haas et al., , 1983 Hershko et al., 1983; Pickart and Rose, 1985; Wilkinson et al., 1990; Pickart et al., 1994) (also reviewed in Pickart, 2001) .
The first reaction catalysed by E1 is adenylation of ubiquitin's C-terminus (Ciechanover et al., , 1982 Hershko et al., 1981) . In addition to putting a good leaving group on the ubl's C-terminus, this step has also been suggested to be important for selection of the correct ubl. The adenylated ubiquitin forms a tight noncovalent complex with the E1 Haas et al., 1983) . If the downstream steps of the conjugation cascade are blocked, either with a nonhydrolyzable analog of ubiquitinBadenylate (Wilkinson et al., 1990) or by chemically blocking E1's catalytic cysteine with iodoacetamide , the adenylated ubiquitin remains stably associated with the E1. Studies of E1s for SUMO and NEDD8/Rub family members demonstrate that the first step of their reaction cycle also results in formation of an ublBadenylate intermediate del Pozo and Estelle, 1999; Bohnsack and Haas, 2003) .
The adenylation reaction has been most extensively studied for ubiquitin. For ubiquitin, the reaction proceeds by an absolutely ordered mechanism, with ATP binding preceding ubiquitin binding, prior to catalysis of ubiquitinBadenylate formation Haas et al., 1983; Hershko et al., 1983) . Recent studies of the E1 for NEDD8 (Bohnsack and Haas, 2003) , and of mutant versions of ubiquitin (Burch and Haas, 1994 ) demonstrate that it is also possible for E1s to function with random addition of ATP and the ubl. Thus, ubiquitin E1's requirement for ordered substrate addition is not a structural requirement for the catalytic competence of E1s, but reflects differences in the E1's affinities for ATP and ubiquitin as leading and trailing substrates (Bohnsack and Haas, 2003) (also, Z Tokgo¨z, R Bohnsack and A Haas, personal communication).
Insights into the interactions between E1 and ubiquitin have been provided from studies of mutant versions of ubiquitin. Ubiquitin's C-terminal glycine, as well as arginines 42 and 72 are involved in the interaction between ubiquitinBadenylate and its E1 (Burch and Haas, 1994; Pickart et al., 1994) . Residue 72 in ubiquitin plays a particularly critical role in the interaction with E1, and is the only known determinant of specificity in ubls for their E1s. Residue 72 is arginine in ubiquitin, and an alanine in ubiquitin's closest relative, NEDD8 (Larsen and Wang, 2002) , which shares nearly 60% sequence identity with ubiquitin. Despite this high degree of sequence similarity, the E1 for ubiquitin is specific for ubiquitin and the E1 for NEDD8 is specific for NEDD8 (Osaka et al., 1998; Whitby et al., 1998) . Much of this specificity can be Figure 2 Reaction cascade for the E1 for ubiquitin. The E1 first adenylates ubiquitin's C-terminus and forms a noncovalent complex with ubiquitinBadenylate. Second, the E1's catalytic cysteine attacks the ubiquitinBadenylate, forming a covalent E1Bubiquitin thioester complex. Next, the E1 adenylates a second molecule of ubiquitin, associating with the first covalently as a thioester and the second noncovalently as ubiquitinBadenylate. Finally, E1 transfers the thioester-bound ubiquitin to E2's catalytic cysteine. The reactions of E1 serve at least three functions: (1) selection of the correct ubl for a pathway, (2) activation of the ubl's C-terminus for further chemistry and (3) coordination of the ubl with downstream components of the correct pathway Ubiquitin-like protein activation DT Huang et al attributed to residue 72. Mutation of NEDD8's alanine 72 to arginine is sufficient to allow NEDD8 to be activated by ubiquitin's E1 (Whitby et al., 1998) . A mutation of ubiquitin's basic arginine 72 to the hydrophobic residue leucine, which is similar in nature to alanine, is sufficient to allow ubiquitin to be recognized by NEDD8's E1, resulting in a sixfold increase in catalytic specificity (Bohnsack and Haas, 2003) . Kinetic studies of the E1 for NEDD8 with NEDD8 and the mutant version of ubiquitin with arginine 72 mutated to leucine suggest that the specificity of conjugation cascades for their particular ubl is related to affinity for a particular ubl at the adenylation step of the reaction (Bohnsack and Haas, 2003) . Following adenylation of ubiquitin's C-terminus, the E1's catalytic cysteine attacks the adenylate and forms a thioester with ubiquitin's C-terminus (Ciechanover et al., , 1982 . Formation of the E1Bubiquitin thioester is very rapid, with a turnover rate of Btwo per second . Next, the E1 adenylates a second molecule of ubiquitin, so the E1 is loaded with two molecules of ubiquitin -the first bound covalently as a thioester, and the second one bound noncovalently as an adenylate . A recent kinetic study demonstrated that the E1 for NEDD8 also proceeds through an analogous, double-loaded intermediate (Bohnsack and Haas, 2003) , suggesting that the mechanism of all E1s is similar. Formation of the second molecule of ublBadenylate prior to transfer of the ubl to E2 may serve several functions. First, it primes E1 to carry out another round of catalysis immediately upon transfer of a molecule of ubl to E2 . Second, studies of the E1 for ubiquitin show that binding of the second molecule of ubiquitin, in the form of ubiquitinBadenylate promotes transfer of the thioester-linked molecule of ubiquitin to E2 (Pickart et al., 1994) .
The final step catalysed by E1 is the transfer of ubiquitin to E2, the downstream component of the reaction cascade. This involves noncovalent association of the E1 with the E2, and a transthiolation reaction in which the ubl is transferred from E1's catalytic cysteine to E2's (Hershko et al., 1983; .
It has been suggested that the E1 plays a major role in bringing the ubl together with the correct E2 (Hochstrasser, 2000b; Pickart, 2001) . Support for this hypothesis comes from the findings that E1s associate noncovalently with ubiquitinBadenylate , and that E1s also associate noncovalently with the E2 during the reaction . Consistent with this theory, while NEDD8 normally cannot be transferred to an E2 for ubiquitin, a NEDD8 mutant that is activated by the E1 for ubiquitin can be transferred to a ubiquitin E2 (Whitby et al., 1998) . In addition, mutation of residues on either E1 or E2 that are involved in the noncovalent E1-E2 protein-protein interaction diminishes E2Bubl thioester bond formation (Bencsath et al., 2002; Walden et al., 2003) (also Arthur Haas, personal communication).
Evolutionary origins of ubl adenylation from bacterial biosynthetic enzymes
Ubls and their activating enzymes appear to have evolved from primitive biosynthetic pathways, which exist in bacteria as well as eucaryotes. MoaD and ThiS are structural homologs of ubiquitin that play critical roles in the Escherichia coli molybdopterin and thiamin biosynthesis pathways, respectively (Lake et al., 2001; Rudolph et al., 2001; Wang et al., 2001) . Like ubiquitin and other ubls, MoaD and ThiS are adenylated at their C-termini prior to downstream steps in the pathways (Taylor et al., 1998; Leimkuhler et al., 2001) . Unlike ubiquitin and ubls such as NEDD8, SUMO, Apg8 and ISG15, however, the ultimate functions of MoaD and ThiS are not to be transferred to other proteins or macromolecules. Instead, MoaD and ThiS are temporarily modified, themselves, carrying sulfur atoms at their C-termini as thiocarboxylates, and are involved in sulfur transfer in the molybdopterin and thiamine biosynthetic pathways Taylor et al., 1998) . Thus, a common feature of the ubiquitin, ubl, MoaD and ThiS pathways is the involvement of the ubl's C-terminus in several chemical reactions. Interestingly, MoeB and ThiF, the enzymes that catalyse adenylation of the C-termini of the ubiquitin-like MoaD and ThiS proteins, respectively, share significant sequence homology to part of the E1s for ubiquitin and ubls (McGrath et al., 1991; . This sequence homology includes a G-X-G-X-X-G nucleotide binding motif (Walker et al., 1982) , suggesting that the C-terminal adenylation reaction will be similar for ubiquitin, ubl, MoaD and ThiS pathways.
Modular nature of the primary sequences of ubl-activating enzymes
Analysis of primary sequences of ubl-activating enzymes, in conjunction with recently determined crystal structures described below (Lake et al., 2001; Walden et al., 2003) , suggest that ubl-activating enzymes are modular proteins that have evolved multiple distinct domains to carry out their multiple specific functions (Figure 3) . The common feature of all ubl-activating enzymes is a region of sequence homology to MoeB and ThiF, which suggests that the common function associated with E1s is C-terminal adenylation of a ubl. Additional sequences at the N-or C-termini, and in the middle of the MoeB/ThiF homology domain are likely to correspond to new domains that have evolved for specific functions of a particular ubl-activating enzyme.
The four ubls whose E1s are most closely related are ubiquitin, SUMO, NEDD8 and ISG15 and their family members. The E1s for these are 110-120 kDa, and are either a single polypeptide or a heterodimeric complex. In the heterodimeric E1s, one subunit corresponds to roughly the N-terminal half of the single-chain E1s, and the other corresponds to roughly the C-terminal half. The E1s for ubiquitin and ISG15 are single polypeptides, whereas the E1s for NEDD8 and SUMO family members are B110 kDa heterodimers, with one protein (APPBP1, NAE1, AXR1 or Ula1p for NEDD8 and its orthologs and Aos1p or SAE1 for SUMO) homologous to the N-terminal half of the E1s for ubiquitin and Isg15, and the other protein (Uba3, NAE2 or ECR1 for NEDD8 and its orthologs and Uba2 or SAE2 for SUMO) homologous to the C-terminal half of the E1 for ubiquitin (Figure 3) Lammer et al., 1998; Liakopoulos et al., 1998; Osaka et al., 1998; Pozo et al., 1998; Desterro et al., 1999; Okuma et al., 1999; Yuan and Krug, 2001) . The N-and C-terminal halves of the E1s for ubiquitin, SUMO, NEDD8 and ISG15 are partially homologous to each other, and the region of sequence homology between the two halves is also the region of sequence homology to MoeB and ThiF. The crystal structures of MoeB and of the APPBP1-Uba3 complex that is the E1 for NEDD8 revealed that this sequence homology region adopts a Rossmann fold, a structure frequently found in nucleotide binding proteins (Rossmann et al., 1974; Lake et al., 2001; Walden et al., 2003) . Indeed, the G-X-G-X-X-G ATP binding motif (Walker et al., 1982) resides in the homology region in the C-terminal half of E1s. A subset of E1s also have retained this ATP-binding sequence in their N-terminal halves, although the function there is not known. In addition to playing a role in nucleotide binding, this sequence homology region is also involved in dimerization. It is involved in the homodimer interface in the perfectly symmetric MoeB-MoeB crystal structure (Lake et al., 2001) , and in the protein-protein interface in the APPBP1-Uba3 complex (Walden et al., 2003) .
The recently determined crystal structures of MoeB (Lake et al., 2001 ) and of the APPBP1-Uba3 complex (Walden et al., 2003) revealed that the structural homology between MoeB and both APPBP1 and Uba3 extends beyond the region of significant sequence homology, and also includes the C-terminal part of the MoeB sequence (Figure 3 ). This C-terminal portion of the MoeB sequence is involved in binding to the ubl MoaD, raising the possibility that even distally related ubl-activating enzymes will bind to their cognate ubls via a similar structure.
While in the MoeB sequence the two structural homology regions are separated by only an eight-residue linker, in both APPBP1 and Uba3 there are large insertions between the two MoeB structural homology regions. The insertions found in APPBP1 and in Uba3 are moderately conserved among the E1s for ubiquitin, SUMO, NEDD8 and ISG15. These E1s also contain a region of homology at the C-terminus. The sequences of these E1s suggest that the additional homology regions have evolved for E1-specific functions such as transfer of the ubl to the catalytic cysteine of one of a family of closely related E2s. Indeed, the insertion in the C-terminal half of E1 sequences contains the catalytic cysteine. This same region in MoeB is an eight-residue mobile loop, which also contains a cysteine.
The sequences of the activating enzymes for Urm1p, Apg12p and Apg8p/Aut7p are significantly divergent. Both of these more directly resemble the sequences of MoeB and ThiF, with only one copy of the structural homology region, and without an insertion between the two parts of the structural homology region. Based on structural constraints described below, it seems likely that the activating enzymes for Urm1p, Apg12p and Apg8p/Aut7p either function as homodimers, or else they have partner proteins resembling the N-terminal half of E1s that have yet to be reported. Indeed, Apg7p, the activating enzyme for Apg12p and Apg8p/Aut7p, has been reported to homodimerize (Komatsu et al., 2001) . The sequences both of Apg7p and of Uba4p, the activating enzyme for Urm1p, contain extensions. Apg7p and its orthologs have a roughly 300-residue N-terminal extension that is unique to the Apg7p family members and is not homologous to other proteins. Uba4p has a roughly 120-residue C-terminal extension that is a rhodanese homology domain (Hofmann et al., 1998) . Rhodaneses are widespread enzymes that catalyse sulfur transfer reactions, suggesting that Urm1p might function in a biosynthetic pathway in a manner similar to ThiS and MoaD. Consistent with this notion, some orthologs of MoeB (Appleyard et al., 1998) , and another protein in the thiamin biosynthetic pathway, ThiI (Palenchar et al., 2000) , also contain rhodanese homology domains. Intriguingly, an additional poorly understood link between rhodanese homology domains and the Figure 3 Comparison of the activating enzymes for Ub (ubiquitin) and ubls. The activating enzymes for E. coli MoaD and ThiS, MoeB and ThiF are B27 kDa, and the crystal structure of MoeB revealed a homodimer (Lake et al., 2001) . The sequences corresponding to the N-and C-terminal subdomains in the MoeB structure are referred to as 'N' and 'C', respectively. The activating enzymes, or E1s, for ubiquitin, ISG15, NEDD8 and SUMO and their orthologs are B110-120 kDa proteins or heterodimeric complexes that contain a twofold repeat that corresponds to the sequence and structure of MoeB. The crystal structure of APPBP1-Uba3 revealed that extensions and insertions relative to the MoeB sequence play a role in E1-specific functions, such as transfer of the ubl to E2 (Walden et al., 2003) . The sequences of other ublactivating enzymes, such as Uba4p and Apg7p also contain extensions that may carry out functions specific to their particular conjugation cascades ubiquitin pathway comes from the prediction that some deubiquitinating enzymes contain rhodanese homology domains (Hofmann et al., 1998) .
The different extensions and insertions in the MoeB/ThiF-like sequences of ubl-activating enzymes likely reflect the addition of different functionalities required for the different ubl-conjugation cascades.
Insights into ubl recognition and the adenylation reaction from the structure of a bacterial MoeB-MoaD complex Three crystal structures of MoeB-MoaD complexes revealed the structural basis for ubl activation (Lake et al., 2001) . Two of the structures are enzymesubstrate complexes: MoeB-MoaD alone and the MoeB-MoaD in complex with ATP. One structure is of the enzyme-product complex: MoeB-MoaDB adenylate. Together, the three structures provide insight into ubl interactions, nucleotide interactions, and residues in an activating enzyme involved in the activation reaction.
The structure of MoeB has two subdomains, corresponding to the homology regions of the sequence (Figure 4 ). The N-terminal subdomain contains a variant Rossmann nucleotide binding fold, with a four-stranded parallel b-sheet surrounded by helices. This subdomain contains the Gly-X-Gly-X-X-Gly nucleotide binding motif, and most of the catalytic residues. The C-terminal subdomain contains a fourstranded antiparallel b-sheet and adopts a fold distantly related to sugar binding proteins. This second subdomain forms the bulk of the MoaD-interaction site. The sequence of this second subdomain is poorly conserved between MoeB and E1s for ubiquitin, SUMO, NEDD8 and ISG15, although the structure of the APPBP1-Uba3 complex showed that the structure of this region is conserved (Walden et al., 2003) .
Both the ATP binding site and the side-chains involved in adenylation are among the most highly conserved sequences between MoeB and E1s ( Figure 5) . A hydrophobic patch, involving MoeB's Val37, Phe63, Leu109 and Val134, interacts with the adenine ring. Notably, Val37, Phe63 and Val134 are conserved as hydrophobic residues in E1s. MoeB's Asn131 sidechain, which is conserved as a polar residue in E1s, forms a hydrogen bond with the N7 position of the adenine ring. The degree of conservation increases closer to the active site. MoeB's Asp62 and Gly40 contact the ribose ring and are identical among E1s. The backbone of Gly41, conserved as glycine or alanine in E1s, contacts ATP's a-phosphate. The absolutely conserved Arg73 and Lys86 contact the b-phosphate, and Ser69, conserved as a polar residue among E1s, and the absolutely conserved Asn70 interact with the g-phosphate. The ATP in the MoeB-MoaD-ATP structure is in a strained conformation, with a kink at the aphosphate. Although a magnesium ion is not present in any of the structures, MoeB's Asp130 is in the correct position to ligate the magnesium ion.
MoeB interacts with a predominantly hydrophobic surface in MoaD, which is partially conserved in ubiquitin. At least one hydrogen bond, between MoaD's Arg11 and MoeB's Asp227 is also probably conserved between ubiquitin and its E1. However, MoaD-MoeB and ubiquitin-E1 interactions must be different, because MoaD lacks arginines corresponding to ubiquitin's arginines 42 and 72, known to be involved in interaction with E1. Small amino acids interact with the C-terminal Gly--Gly motif in MoaD, conserved in ubiquitin and many other ubls. The C-terminus of MoaD is oriented for the adenylation reaction by interactions with Figure 4 Structure of the MoeB-MoaDBadenylate complex (Lake et al., 2001) . MoeB is shown in yellow, MoaD in orange and AMP in gray. The N-terminal subdomain of the MoeB structure adopts a variation of the Rossmann fold and is involved in ATP binding and catalysing the adenylation reaction. The Cterminal subdomain of the MoeB structure contains an antiparallel, four-stranded b-sheet involved in binding to the globular domain of MoaD Figure 5 Close-up view of ATP bound near the C-terminus of MoaD (Lake et al., 2001) . The ATP binding site consists of residues from both MoeB molecules in the crystallographic MoeB homodimer. One molecule of MoeB is shown in yellow, the other molecule of MoeB in the homodimer is shown in green, MoaD is shown in orange and ATP is shown in gray. Side-chains from many of the residues involved in ATP binding are indicated, and saltbridges and hydrogen bonds to ATP are shown in black the backbone of MoeB's Leu42 and by an interaction with MoeB's Arg135, which is absolutely conserved among E1s.
The MoeB-MoaD complexes form a perfectly symmetric heterotetramer, involving extensive hydrophobic interactions between the two MoeB molecules. The MoeB homodimerization interface serves as a hydrophobic core, suggesting that a predominant function of dimerization is likely to be stabilization of the MoeB structure. In addition, there is also crosstalk between the two MoeB monomers in the ATP binding site. Arg14 from one monomer plays a major role in the adenylation of MoaD bound to the opposite monomer. Specifically, prior to the adenylation reaction, Arg14 contacts two of the oxygens on ATP's g-phosphate. The Arg14 sidechain undergoes a major conformational change, allowing it to stabilize the negative charge that develops on the b-phosphate during the reaction. Interestingly, the structure of the APPBP1-Uba3 complex, described in detail below, reveals that APPBP1 contributes an analogous arginine to the adenylation active site composed primarily of residues from Uba3. The absolute conservation of this arginine in the sequences of ubl-activating enzymes is consistent with both a key role for this arginine in the reaction, and also with the notion that other ubl-activating enzymes will adopt a similar structure, involving two Rossmann-fold containing domains.
The proposed adenylation reaction is as follows. First, the magnesium ion alleviates electrostatic repulsion between the MoaD C-terminus and ATP's a-phosphate. A carboxylate oxygen of the C-terminal glycine attacks the a-phosphate, resulting in a transient, penta-coordinated intermediate, prior to formation of the MoaDBadenylate. The developing negative charge on the bphosphate is stabilized by Arg73, and also by Arg14 from the opposite MoeB monomer. Finally, the MoaDBadenylate is formed.
Overall structure of E1s from the structure of APPBP1-Uba3, NEDD8's E1
Insights into the structural organization of E1s has come from the recent crystal structure of the E1 for NEDD8, the heterodimeric APPBP1-Uba3 complex (Figure 6 ). The structure reveals three domains, each specifying one of E1's three activities. One domain, corresponding to the common sequences among ubl-activating enzymes, resembles the structure of the MoeB homodimer and is involved in adenylation. A second domain arises from the E1-specific insertions in the middle of the two-part homology regions in both the N-and C-terminal halves of E1s. This domain is organized around the catalytic cysteine and is involved in thioester bond formation and the transthiolation reaction with E2. The third domain corresponds to the C-terminus of E1s. This domain adopts a b-grasp fold, resembling the structure of ubiquitin and ubls, and is involved in E2 recognition.
The three domains pack together to generate binding sites for ATP, the ubl NEDD8 and the E2 Ubc12. The overall structure resembles a canyon, with a broad deep groove in the middle. The adenylation domain resembling the MoeB homodimer serves as the base of the canyon. The E1-specific catalytic cysteine-containing and C-terminal domains serve as the canyon walls. An eight-residue 'crossover loop' (VanDemark and Hill, 2003) leads from the adenylation domain to the catalytic cysteine, and divides the canyon into two clefts. The two clefts are continuous with each other below and above the crossover loop. Each cleft is large enough to accommodate either two molecules of NEDD8 or a domain of E2.
The left cleft in Figure 6 , Cleft 1, has the nucleotide binding pocket as its base. Its walls are formed by part of the Uba3 portion of the catalytic cysteine domain, and the C-terminal ubiquitin-like domain. The base of Cleft 2, on the right in Figure 6 , is a four-stranded Figure 6 Overall structure of the APPBP1-Uba3 complex (Walden et al., 2003) . Three views of the structure, separated by 601 rotations in y, with surface representations in the top panels, and secondary structural elements shown below. APPBP1 is colored cyan and Uba3 is red. The catalytic cysteine, Uba3's Cys 216 is shown in yellow. Cleft 1, Cleft 2, the nucleotide binding pocket, the second MoeB-like subdomain, APPBP1's four helix-bundle (4HB), Uba3's C-terminal domain and crossover loop are indicated b-sheet from Uba3 corresponding to the second MoeBlike subdomain. In the MoeB structure, this second subdomain is involved in MoaD binding. The catalytic cysteine domain portion of APPBP1 is the predominant wall for Cleft 2. Uba3's catalytic cysteine faces this second cleft.
Model for adenylation by E1
The adenylation domain of the E1 for NEDD8 contains the repeat sequence found in the N-and C-terminal halves of E1, which is also the region of sequence homology found in MoeB. In this domain, APPBP1 and Uba3 are structurally homologous to each other and to MoeB (Figure 7a ). This structure consists of a mixed eight-stranded b-sheet surrounded by eight a-helices, and includes regions where sequence homology is weak. Both APPBP1 and Uba3 contain the two subdomains found in MoeB, with the N-terminal half of each adopting a variation of Rossmann nucleotide binding babab topology. In this domain, APPBP1 and Uba3 pack together in the same way that the two MoeB molecules pack in the MoeB homodimer (Figure 7b ).
The MoeB homodimer contains a perfect twofold symmetry, so each molecule of MoeB binds to a molecule of MoaD, forming a heterotetrameric complex. Thus, two molecules of MoaD can be adenylated simultaneously by the MoeB homodimeric complex. By contrast, the E1s appear to have evolved directionality in the reaction by restricting the activity to a single adenylation active site in Cleft 1, composed primarily of the C-terminal half of the E1, the Uba3 component in NEDD8's E1. Uba3 contains the glycine-rich nucleotide binding motif corresponding to the ATP inding site in MoeB (Figure 8a ). By contrast, APPBP1 lacks G-X-G-X-X-G ATP binding residues in its MoeB-homology region. Also, the second subdomain of Uba3's adenylation domain is exposed in Cleft 2 to interact with NEDD8, much like MoeB's is exposed to interact with MoaD. By contrast, the second subdomain of APPBP1 is buried by a four-helix bundle, whose sequence is conserved in the N-terminal portions of other E1s, which would preclude interaction with a second molecule of NEDD8 (Figure 8b) .
Although there is limited sequence homology between MoeB and E1s in Cleft 2, the ubl-binding region, there is sufficient structural homology to place NEDD8 roughly in Cleft 2. The structure of the APPBP1-Uba3 adenylation domain was aligned with the MoeBMoaDBadenylate complex, allowing modeling of the structures of NEDD8 and AMP in the complex (Figure 9 ). Many features of the model have been confirmed by mutational analyses (Walden et al., 2003) (also A Haas, personal communication). The model suggests that both clefts in the E1 canyon are involved in formation of the ublBadenylate, with residues involved in catalysing the adenylation reaction in Cleft 1, and extensive hydrophobic contacts with ubl made in Cleft 2. Residues important for the activation reaction as shown by the MoeB-MoaDBadenylate structure are conserved in the structure of NEDD8's E1. These include a hydrophobic patch involving Uba3 Ile127, Gly55 and Ile54 that would contact the adenine, Uba3's Asp79 and Asp81 contacting the ribose ring, and Uba3's Asp146 coordinating magnesium. Just as one monomer of MoeB contributes a key arginine side-chain to coordinate the ATP bound to the opposite monomer, Figure 7 Structural homology between APPBP1, Uba3 and MoeB (Lake et al., 2001; Walden et al., 2003) . APPBP1 is shown in cyan, Uba3 in red, one MoeB molecule in the crystallographic MoeB homodimer is shown in yellow, and the other MoeB molecule in the crystallographic MoeB homodimer is shown in green. (a) In the adenylation domain of the E1 structure, APPBP1 and Uba3 are structurally homologous to each other. (b) APPBP1 and Uba3 are both structurally homologous to MoeB, and the APPBP1-Uba3 heterodimerization interface resembles the MoeB-MoeB homodimerization interface The bulk of the NEDD8 binding site is predicted to involve Cleft 2. The model predicts extensive hydrophobic contacts between a hydrophobic patch on the surface of Uba3, involving Tyr 321, Tyr 331, Tyr 333 and Phe 335, which are conserved as tyrosine, proline, phenylalanine and phenylalanine in the E1 for ubiquitin, and a hydrophobic patch that is absolutely conserved between NEDD8 and ubiquitin including Leu 8, Ile 44 and Val 70. These residues in ubiquitin are essential for viability in yeast (Sloper-Mould et al., 2001 ) and mutation of Leu 8, or Leu 8 in combination with Val 70, reduces ubiquitin conjugate formation by more than 50% (Beal et al., 1996) .
E1s display exquisite selectivity for their particular ubl. The model of the APPBP1-Uba3-NEDD8Bade-nylate complex suggests an explanation for part of the preference of E1s for their cognate ubls (Walden et al., 2003) . Residue 72 is the only known determinant of specificity in ubls for their E1s. Residue 72 is an arginine in ubiquitin and an alanine in NEDD8. In SUMO family members, the corresponding residue is either a glutamate or a glutamine. Evidence that residue 72 is a specificity determinant comes from the findings that mutation of ubiquitin Arg 72 to leucine reduces binding of the ubiquitinBadenylate by 1000-fold (Burch and Haas, 1994) , that an Ala 72 to arginine mutation in Nedd8 allows it to be activated at a similar rate as ubiquitin by the E1 for ubiquitin (Whitby et al., 1998) , and that an Arg 72 to leucine mutation in ubiquitin allows it to be activated by the E1 for NEDD8 (Bohnsack and Haas, 2003 ). In the model, Uba3's hydrophobic residues Leu206 and Tyr207 are in a position to interact with Ala72 of Nedd8. There is a correlation between the nature of the amino-acid sidechains corresponding to Leu206 and Tyr207 in other E1s and the nature of the side-chain at position 72 in other ubls. In the E1 for ubiquitin, Leu206 and Tyr207 are replaced by an aspartate, and they are replaced by a lysine in the E1 for SUMO family members. There must be additional determinants of specificity, however, because mutation of Uba3's Leu206 and Tyr207 to aspartate is not sufficient to promote adenylation of ubiquitin (Walden et al., 2003) .
Structural insights into the E1Bubl thioester intermediate
A second domain comprises E1-specific insertions in the sequences of the adenylation domain portions of both APPBP1 and Uba3 ( Figure 6 ). The catalytic cysteine, Cys216 of Uba3, which forms a thioester with NEDD8 and promotes transfer of NEDD8 to its E2 Osaka et al., 1998) , is the focus of this second domain. The elongated catalytic cysteine domain contains 11 helices from APPBP1 and four from Uba3 that radiate either toward or away from the active site Cys216. Although the insertions in the N-terminal portions of some other E1s are shorter than the insertion in APPBP1, and the insertions in the C-terminal portions of some other E1s are correspondingly longer than the insertion in Uba3, they are expected to be entirely helical by secondary structure prediction algorithms (Rost and Sander, 1994) . Thus, the overall structure of the catalytic cysteine-containing domain will likely be similar in other E1s, but with variations in the relative order of the helices in the sequence.
Formation of the thioester complex between E1s and ubl likely proceeds through a nucleophilic attack on the ublBadenylate by the E1 active site cysteine. This would require the active site cysteine be in close proximity with the ubl C-terminus. In the crystal structure of NEDD8's E1, the thiol of Cys216 is B30 Å away from the adenylation active site, suggesting that a conformational change in the complex would be required for the juxtaposition of the ubl C-terminus and the active site cysteine thiol. The gap might be reduced to only B10 Å , because the C-terminal four residues of ubls are flexible (Vijay- Kumar et al., 1985; Vijay-Kumar et al., 1987; Bayer et al., 1998; Rao-Naik et al., 1998; Whitby et al., 1998; Paz et al., 2000; Sheng and Liao, 2002; Ramelot et al., 2003) , and could, in principle, extend directly toward the active site Cys while remaining noncovalently associated via hydrophobic interactions. The remainder of the gap could be closed by a change in the relative orientations of the adenylation and catalytic cysteine-containing domains. Indeed, the adenylation and catalytic cysteine-containing domains are linked by four extended tethers, APPBP1's b-strands 7 and 8, and Uba3's loops 7 and 11, which could serve as hinges that allow the domains to rotate with respect to one another. Alternatively, a local conformational change might occur around the catalytic cysteine. Figure 9 Model of an APPBP1-Uba3-NEDD8Badenylate complex (Walden et al., 2003) . The structure of NEDD8 (Whitby et al., 1998) was modeled into the site occupied by MoaD (Figure 8 ). APPBP1 is shown in cyan, Uba3 in red and NEDD8 and AMP in gray. Possible interacting residues from APPBP1, Uba3 and NEDD8 are labeled Ubiquitin-like protein activation DT Huang et al
The NEDD8 E1 structure reveals that the Cys216 side-chain is exposed in the active site except for the hydroxyl of Thr217. Mutation of Uba3's Thr217 to alanine diminishes Uba3-NEDD8 thioester formation and the subsequent transfer of NEDD8 to its cognate E2, Ubc12, without affecting NEDD8Badenylate formation (Walden et al., 2003) . Thr217 is strictly conserved in the E1s for ubiquitin, SUMO, NEDD8, ISG15, Apg8p, Apg12p and their family members, all of which are known to form activating enzymeBubl thioester intermediates. However, the residues corresponding to Uba3's Thr217 vary in MoeB, ThiF and Uba4p, and this deviation may reflect mechanistic differences at their catalytic cysteines. The roles of the cysteine residues corresponding to the catalytic cysteines of E1s are less clear for MoeB, ThiF and Uba4p. Although MoeB, ThiF and Uba4p all contain cysteines corresponding to the catalytic cysteines in the sequences of E1s, their close relative, HesA, which is involved in iron/sulfur protein formation during Anabena heterocyst biogenesis, does not (Borthakur et al., 1990) . The region of MoeB that corresponds to the E1 catalytic cysteine domain insertions is an eight-residue mobile loop that is not visible in any of the MoeB-MoaD crystal complex structures. The role of MoeB's Cys187, corresponding to the catalytic cysteine in E1s, is unclear, because mutation of C187 to alanine does not significantly impair MoeB's ability to drive molybdopterin synthesis in vitro (Leimkuhler et al., 2001) . By contrast, ThiF's Cys 184, corresponding to the catalytic cysteine of E1s, does play a role in the reaction cascade with ThiF: ThiF forms an acyl-disulfide complex with the C-terminus of ThiS ). Uba4p's Cys 225 is also involved in forming a covalent complex with Urm1p, although the downstream reactions catalysed by Uba4p and the targets of Urm1p remain to be elucidated (Furukawa et al., 2000) . Interestingly, the amino acid immediately following the potential catalytic cysteine is a valine in MoeB, an arginine in ThiF and a glutamate in Uba4p. The differences in residues corresponding to Uba3's Thr217 may result in differences in the reactions catalysed by the different activating enzymes.
Structural and mechanistic insights into ubl transfer from E1 to E2
The final function of E1 is to coordinate the ubl with its correct E2. This involves E1 interacting noncovalently with E2, and a subsequent transthiolation reaction in which the ubl is transferred from E1's catalytic cysteine to the E2's. For ubiquitin, a single E1 sits at the top of the cascade, transferring ubiquitin to many different E2s, one at a time. The fully loaded E1 has a strong affinity for E2s, with Kds in the subnanomolar to nanomolar range depending on the E2 . However, ubiquitin's E1 appears to have a low affinity for E2s in the absence of ubiquitin, as E1 readily separates from the E2s during purification (Hershko et al., 1983) . The low affinity of free E1 for E2s might facilitate rapid cycling of E1, so that it can charge ubiquitin's many different E2s (Hershko et al., 1983) .
The situation may differ for the ubls SUMO and NEDD8 and their family members, because there is only one known E2 for each of these cascades. The Km for NEDD8's E2, Ubc12, during the reaction is similar to those for ubiquitin E2s during their reactions (Bohnsack and Haas, 2003) . However, both Ubc12 and the E2 for SUMO family members, Ubc9, have been shown to associate with their E1s in the free state (Bencsath et al., 2002; Walden et al., 2003) .
Although at present there are no crystal structures for E1-E2 protein complexes, the region of an E2 that is involved in the noncovalent interaction with an E1 has been mapped by mutational analysis. A mutational analysis of Ubc9p from Saccharomyces cerevisiae, the E2 for the SUMO family member Smt3p, mapped the E1 binding site to involve the N-terminal helix and the loop between the first and second b-strands (Bencsath et al., 2002) . The location of the E1 binding site is probably conserved among E2s for ubiquitin and other ubls, because two studies of E2s for ubiquitin revealed that mutations in the N-terminal helix diminished E2Bubiquitin thioester bond formation (Sullivan and Vierstra, 1991; Pitluk et al., 1995) . In addition, for another ubiquitin E2, Ubc13, a protein-protein interaction that blocks access to this surface impairs E2Bubiquitin thioester bond formation Moraes et al., 2001; VanDemark et al., 2001) . Interestingly, the structure of the loop between the first and second b-strands is one of the most prominent differences between the structure of UBC9, the E2 for SUMO and the structures of E2s for ubiquitin (Tong et al., 1997; Giraud et al., 1998; Bernier-Villamor et al., 2002) . These structural differences could serve as part of the basis for specificity in E1 binding.
It is appealing to hypothesize that the E2 would bind to E1's Cleft 1 (Figure 6 ) for several reasons. First, in the structural model of the APPBP1-Uba3-NEDD8-Badenylate complex, NEDD8 occupies Cleft 2, so there is space remaining in Cleft 1 to accommodate the E2 protein. Second, deletion of Uba3's C-terminal domain, which borders Cleft 1, is defective at associating with the E2 Ubc12, and at transferring NEDD8 to Ubc12 (Walden et al., 2003) . Finally, the nucleotide binding site resides in Cleft 1, and for the E1 for ubiquitin, occupation of the nucleotide binding site has been shown to promote the transfer of E1's thioester-bound ubiquitin to E2 (Pickart et al., 1994) .
Following association of E1 with E2, the active site cysteine in E1 is involved in the transfer of the ubl to the E2 catalytic cysteine. This transthiolation reaction likely involves deprotonation of E2's active site cysteine by a general base catalyst. Histidine often serves as a general base. Although a general base for this reaction has not yet been identified, APPBP1's His211 and Uba3's His227, which have the potential to deprotonate the catalytic cysteines from either E1 or E2 are located 6.8 and 9.8 Å away from the Cys216 thiol. Further structural and biochemical analyses will be required to understand the details of the transthiolation reaction.
Implications of the MoeB-MoaD and APPBP1-Uba3 structures for other ubl-activating enzymes
The sequences and structures of ubl-activating enzymes suggest that they are modular enzymes with a common domain involved in ubl adenylation and specific domains to carry out other particular functions. The four ubls whose activating enzymes are most closely related are ubiquitin, SUMO, NEDD8 and ISG15. The activating enzymes for these four ubls have evolved conserved insertions when compared with the sequences of MoeB and other ubl-activating enzymes. The structure of APPBP1-Uba3 revealed that these E1-specific insertions have evolved to play a role in E1-specific functions such as transfer of the ubl from E1 to E2. Although an E2 has not yet been identified for ISG15, the strong similarity between the sequences of Ube1L, the E1 for ISG15, and the E1s for ubiquitin, SUMO and NEDD8 family members suggests that the ISG15 pathway will involve an E2 that resembles E2s for ubiquitin, SUMO and NEDD8.
The MoeB-MoaD and APPBP1-Uba3 crystal structures suggest how E1s might orchestrate their multiple activities. Although different domains perform adenylation, thioester bond formation, and recruitment of E2, together they form a large canyon divided into two clefts that coordinate the E1's catalytic activities with its multiple intermolecular interactions. Both clefts are likely to be involved in the adenylation reaction, with one recognizing the bulk of the ubl and the other one catalysing adenylation, binding to nucleotide and the Cterminus of the ubl. The subsequent thioester bond formation is likely to be facilitated by the catalytic cysteine facing the cleft occupied by the bulk of the ubl. The finding that the opposite cleft contains the nucleotide binding pocket, and that it might also contain the E2 binding site, provides a structural explanation for how nucleotide binding might promote transfer of the ubl from E1 to E2. The bound nucleotide may cause subtle structural rearrangements that affect E2 binding, or it may actually occupy part of the E2 binding site. The MoeB-MoaD and APPBP1-Uba3 structures provide a framework for understanding how E1s drive the initial steps of ubl transfer cascades in an assembly-line fashion.
